We advocate the idea that the Fast Radio Bursts (FRBs) are powered by the magnetic reconnection in magnetars, triggered by Axion Quark Nugget (AQN) dark matter. The effect, in all respects, is similar to the idea proposed by Zhitnitsky (2017) for the origin of solar nanoflares. The "only" distinction is that all physical parameters are drastically (many orders of magnitude) different between these two systems: the Sun and the magnetar. The magnetic reconnection in both cases is triggered and ignited by the shock wave which develops when the nuggets' Mach number M 1. These shock waves generate very strong and very short impulses expressed in terms of pressure ∆p/p ∼ M 2 and temperature ∆T /T ∼ M 2 in the vicinity of (would be) magnetic reconnection area. We find that the proposed mechanism produces coherent emission which is consistent with the FRB energy requirements, with the observed energy distribution dN ∼ E −1.6 dE and with the observed duration of FRBs measred in ms. We also estimate the events rate of ∼ 10 3 FRBs per day for current detection limits which is also consistent with observations.
INTRODUCTION
Fast Radio Bursts (FRBs) are bright milliseconds duration radio bursts, characterized by Janky-level flux densities and high dispersion measures well above the expected Milky Way contributions Lorimer et al. (2007) ; Thornton et al. (2013) . These high dispersion measures, along with many other observational evidence, suggest that they are at cosmological distance (see Katz (2016) for a review). So far, only one FRB was found to be repeating (FRB121102, see Spitler et al. (2014) ), and recent multiobservatory observations unambiguously associated it with a star forming dwarf galaxy at redshift z=0.193 with a precision of 0.1" Chatterjee et al. (2017) ; Tendulkar et al. (2017) ; Marcote et al. (2017) , therefore there is little doubt that FRBs are cosmological, and we will assume this to be the case throughout this work. Using data from the repeating FRB121102, Law et al. (2017) showed that the energy distribution dN/dEiso is given by:
iso , Eiso ∈ (10 37 , 10 40 ) erg,
According to Law et al. (2017) , this slope is indicative of a fundamental underlying physical process, because it is seen by the multifrequency campaigns performed on FRB121102 using VLA, GBT and Arecibo, even though the burst rate varies by order of magnitudes between observing campaigns. All other known FRBs are single bursts, and whether there is any similarities in the physical processes powering them, and the repeating one, is not established. Despite the unknown nature of FRBs, their likely cosmological origin implies radiated isotropic energies at the level of ∼ 10 40 erg, corresponding to a very high brightness temperature > 10 35 K, well above the Compton limit of 10 12 K. Consequently, it is likely that the emission mechanism involves some sort of coherent radiation from "bunches" or "patches" of accelerated charges. Many progenitor models have been proposed, e.g. Popov & Postnov (2013) ; Kulkarni et al. (2014) ; Fuller & Ott (2015) ; Connor et al. (2016) ; Cordes & Wasserman (2016) ; Popov & Pshirkov (2016) to cite a few, all cosmological solutions invoke a coherent radiation mechanism. The detailed physical processes by which the coherent emission takes place was discussed in Kumar et al. (2017) ; Lu & Kumar (2018) . Their conclusion is that the antenna curvature mechanism is the favored process. A strong magnetic field (B > 10 14 G), typical of magnetars, is necessary, because only then, the electrons in bunches are forced to move collectively along the magnetic field lines, confined in the ground state Landau level and emit coherently for a short period of time.
A completely unrelated astrophysical problems concern the origin of the Extreme UV (EUV) radiation (the so-called "Solar Corona Mystery") and the nature of Solar flares. It is believed that the energy feeding the large flares comes from the magnetic field in active regions. However, it is still not clear what triggers the large flares and how the magnetic reconnection starts. Currently, the solar corona heating problem might be resolved with very small nanoflares which represent a tiny version of the large flares, as suggested by Parker Parker (1983) . The nanoflares are assumed to be distributed much more uniformly over the entire solar surface (in comparison to large flares which always occur in active regions with strong magnetic field). There are many problems with explicit realization of this idea, which shall not be discussed in the present work.
Recently, in refs. Zhitnitsky (2017 Zhitnitsky ( , 2018 ; Raza et al. (2018) it has been argued that both problems: the solar corona heating problem (in quiet regions) and the nature of the triggers for the large Solar flares (in active regions) can be simultaneously resolved within the so-called axion quark nugget (AQN) dark matter model. The AQN model was originally invented as a natural explanation of the fact that dark matter and visible matter assume the same order of magnitude (Ω dark ∼ Ω visible , see section 2 for a short introduction to this model). It was not designed to study questions related to the Sun. Nevertheless, if one computes the extra energy being produced within the AQN dark matter scenario, one obtains the total extra energy ∼ 10 27 erg/s which precisely reproduces the observed EUV and soft x-ray intensities Zhitnitsky (2017) ; Raza et al. (2018) . One should add that the estimate ∼ 10 27 erg/s for extra energy is derived exclusively in terms of the known dark matter density ρDM ∼ 0.3 GeV · cm −3 surrounding the sun without adjusting any parameters of the model.
In this paper we propose a new cosmological solution to the FRB problem inspired by the Solar flare proposal. If the AQN model is correct, the dark matter nuggets are expected to hit the stars, the Earth, as well as compact objects such as neutron stars. Studying in details the effect of AQN capture by compact objects is a valuable way of testing the model; in this proposal we will explore the possibility that AQN falling on magnetars, a young type of neutron stars with very strong magnetic fields, could trigger magnetic reconnection, similar to the one initiating solar flares. One should emphasize that there is not much freedom in this framework (as two key parameters: the dark matter density ρDM ∼ 0.3 GeV · cm −3 and the typical dark matter nuggets velocity distribution) are fixed. Nevertheless, a number of highly nontrivial observations such as the energy distribution or frequency of the FRB appearences are unambigously esimated in this framework and they are found to be consistent with FRB observational constraints.
The paper is organized as follows. In Section 2 we review the AQN dark matter model, in Section 3 we discuss the effect of AQNs on the Solar corona and flare triggering which is relevant to this study. In Section 4 we develop our proposal following the magnetic reconnection theory for neutron star environment suggested in Kumar et al. (2017) ; Lu & Kumar (2018) , in Section 5 we compare the results of our proposal with existing data before concluding in Section 6.
AXION QUARK NUGGET (AQN) DARK MATTER MODEL
AQN model stands for the axion quark nugget model, see the original work Zhitnitsky (2003) and a short overview Lawson & Zhitnitsky (2013) with a large number of references on the original results reflecting different aspects of the model. The AQN model is drastically different from previous similar proposals in two key aspects: 1. There is an additional stabilization factor in the AQN model provided by the N = 1 axion domain walls which are copiously produced during the QCD transition. 2. The AQN could be made of matter as well as antimatter in this framework as a result of separation of charges, see recent papers Liang & Zhitnitsky (2016) ; Ge et al. (2017 Ge et al. ( , 2018 for technical details.
The most important implication for the present studies is that quark nuggets made of antimatter store a huge amount of energy that can be released when the anti-nuggets from outer space hit a star and are annihilated in the star's atmosphere. This feature of the AQN model is unique because, unlike any other dark matter models, AQNs are made of the same quarks and antiquarks of the standard model (SM) of particle physics. One should also remark that the annihilation of anti-nuggets with visible matter may produce a number of other observable effects such as rare events of annihilation of anti-nuggets with visible matter in the centre of galaxy, or in the Earth atmosphere, see references on the original computations in Lawson & Zhitnitsky (2013) and a few comments at the end of this section.
The basic idea of the AQN proposal can be explained as follows: It is commonly assumed that the Universe began in a symmetric state with zero global baryonic charge and later (through some baryon number violating process, the so-called baryogenesis) evolved into a state with a net positive baryon number. As an alternative to this scenario we advocate a model in which "baryogenesis" is actually a charge separation process when the global baryon number of the Universe remains zero. In this model the unobserved antibaryons come to comprise the dark matter in the form of dense nuggets of quarks and antiquarks in colour superconducting (CS) phase. The formation of the nuggets made of matter and antimatter occurs through the dynamics of shrinking axion domain walls, see original papers Liang & Zhitnitsky (2016) ; Ge et al. (2017) for technical details.
The nuggets, after they form, can be viewed as strongly interacting and macroscopically large objects with a typical nuclear density and with a typical size R ∼ (10 −5 − 10 −4 )cm determined by the axion mass ma as these two parameters are linked,
a . It is important to emphasize that there are strong constraints on the allowed window for the axion mass: 10 −6 eV ≤ ma ≤ 10 −2 eV, see original papers Peccei & Quinn (1977) ; Weinberg (1978) ; Wilczek (1978) ; Kim (1979) ; Shifman et al. (1980) ; Dine et al. (1981) ; Zhitnitsky (1980) and reviews ; Asztalos et al. (2006) ; Sikivie (2008) ; Raffelt (2008) ; Sikivie (2010) ; Rosenberg (2015) ; Graham et al. (2015) ; Ringwald (2016) on the theory of the axion and recent progress on axion search experiments.
This axion window corresponds to the range of the nugget's baryon charge B which largely overlaps with all available and independent constraints:
see e.g. Jacobs et al. (2015) ; Lawson & Zhitnitsky (2013) for reviews. The corresponding mass M of the nuggets can be estimated as M ∼ mpB, where mp is the proton mass. The AQN model is perfectly consistent with all known astrophysical, cosmological, satellite and ground based constraints within the parametrical range for the mass M and the baryon charge B mentioned above (2). It is also consistent with known constraints from axion search experiments. Furthermore, there is a number of frequency bands where an excess of emission was observed, but not explained by conventional astrophysical sources. The AQN model explains some portion, and may even explain the entire excess of radiation in these frequency bands, see short review Lawson & Zhitnitsky (2013) and additional references at the end of this section.
Another key element of the AQN model is that the coherent axion field θ is assumed to be non-zero during the QCD transition in early Universe. As a result of these CP violating processes, the number of nuggets and anti-nuggets being formed is different. This difference is an order effect Liang & Zhitnitsky (2016) ; Ge et al. (2017) , irrespective to the axion mass ma, because the initial mis-alignment angle θ0 is of order one without fine tuning. In contrast, in conventional cosmology, baryogenesis requires extreme fine tuning to explain the small matter excess over anti-matter. As a result of this disparity between nuggets and anti nuggets, a similar disparity would also emerge between visible quarks and antiquarks, which would survive until present day. This is precisely the reason why the resulting visible and dark matter densities, while being different, have the same order of magnitude Liang & Zhitnitsky (2016) ; Ge et al. (2017) 
as they are both proportional to the same fundamental ΛQCD scale, and they both originate at the same QCD epoch. If these processes are not fundamentally related, the two components Ω dark and Ω visible could easily exist at vastly different scales. Unlike conventional dark matter candidates, such as WIMPs (Weakly interacting Massive Particles) the matter and antimatter nuggets are strongly interacting macroscopically large objects. However, they do not contradict any of the many known observational constraints for cold dark matter or antimatter in the Universe due to the following reasons Zhitnitsky (2006) : They carry very large baryon charge |B| 10 23 , so their number density is very small (∼ B −1 ). As a result of this unique feature, their interaction with visible matter is highly inefficient, and therefore, the AQNs perfectly qualify as Cold Dark Matter candidates. Furthermore, the AQNs have very large binding energy due to the large gap ∆ ∼ 100 MeV in CS phases. Therefore, the baryon charge is so strongly bounded in the core of the nugget that it is not available to participate in big bang nucleosynthesis (BBN) at kBT ≈ 1 MeV, long after the nuggets were formed.
It should be noted that the galactic spectrum contains several excesses of diffuse emission of unknown origin, the best known example being the strong galactic 511 keV line. The parameter B ∼ 10 25 was fixed in this proposal by assuming that this mechanism saturates the observed 511 keV line Oaknin & Zhitnitsky (2005) ; Zhitnitsky (2007) , which resulted from annihilation of the electrons from visible matter and positrons from anti-nuggets. Other emissions from different frequency bands are expressed in terms of the same parameter B , and therefore, the relative intensities are unambiguously and completely determined by the internal structure of the AQNs which is described by conventional nuclear physics and basic QED, see Lawson & Zhitnitsky (2013) for a short overview with references on specific computations of diffuse galactic radiation in different frequency bands.
Finally we want to mention that the recent EDGES observation of a stronger than anticipated 21 cm absorption Bowman et al. (2018) can naturally find its explanation within the AQN framework as recently advocated in Lawson & Zhitnitsky (2018) . The basic idea is that the extra thermal emission from AQN dark matter at early times produces the required intensity (without adjusting of any parameters) to explain the recent EDGES observation.
AQNS AS CORONA HEATERS AND AS SOLAR FLARES TRIGGERS
In this section we overview the basic results from Zhitnitsky (2018 Zhitnitsky ( , 2017 ; Raza et al. (2018) . First, we list the key elements of this framework which will be crucial in our proposal on nature of FRBs to be formulated in section 4. 1. The AQNs entering the solar atmosphere from outer space are capable to heat the corona to 10 6 K, which represents a possible resolution of the "solar corona mystery" within this framework; 2. The AQN annihilation events can be identified with the nanoflares conjectured by Parker Parker (1988);  3. AQNs entering the solar corona will inevitably generate shock waves as the speed of sound cs is smaller than the typical velocities v of the dark matter particles (Mach number M = v/cs > 1);
4. When the AQNs (distributed uniformly) enter regions with a strong magnetic field, they trigger magnetic reconnection of preexisted magnetic fluxes in active regions;
5. Technically, the AQNs are capable sparking magnetic reconnections due to the large discontinuities of the pressure ∆p/p ∼ M 2 and temperature ∆T /T ∼ M 2 when the shock front passes through the magnetic reconnection regions;
6. The energy of the flares E flare ∼ L 2 ⊥ is powered by the magnetic field occupying very large area ∼ L 2 ⊥ in active regions, rather than by internal energy of the corona heating AQNs; 7. The above mechanism, with few additional assumptions, predicts that the number of flares dN (E flare ) with energy of order E flare scales as dN ∼ E −1 flare , consistent with observations; 8. Furthermore, this proposal naturally resolves the problem of drastic separation of scales when a A pre-flare (measured by X-rays) lasts for seconds, a flare itself lasts about an hour, while the preparation phase of the magnetic configurations (to be reconnected during the flare) may last months. These three drastically different time-scales can peacefully coexist in our framework because the trigger is not an internal part of the magnetic reconnection's dynamics.
We elaborate on a few important elements from this list in following subsections. The corresponding formulae and estimates will provide some orientation for our main studies in section 4 on the FRBs, when basic principles are applied to a neutron star (NS) with drastically different parameters (size, magnetic field, density and temperature). However, the fundamental physical principles remain the same and the role of the solar flares is played by FRBs in case of a NS.
Corona heating puzzle and nanoflares as AQN annihilation events
We overview the basic parameters related to the AQNs entering the solar atmosphere from outer space. The impact parameter for capture and crash by the Sun can be estimated as
where v 10 −3 c is a typical velocity of the AQNs. Assuming that ρDM ∼ 0.3 GeVcm −3 and using the capture impact parameter (4), one can estimate the total energy flux due to the complete annihilation of the AQNs, Raza et al. (2018) and represents a new source of energy feeding the EUV and soft x-ray radiation within the AQN framework.
The basic claim of Zhitnitsky (2017); Raza et al. (2018) is that the annihilation events of the anti-nuggets, which generate huge amount of energy (5) can be identified with the previously conjectured "nanoflares" Parker (1988) , which belong to the burst-like solar activity, i.e. nanoflares ≡ AQN annihilation events.
In most studies the term "nanoflare" describes a generic event for any impulsive energy release on a small scale, without specifying its cause. In other words, in most studies the hydrodynamic consequences of impulsive heating (due to the nanoflares) have been used without discussing their nature, see review papers Klimchuk (2006 Klimchuk ( , 2017 . The novel element of ref. Zhitnitsky (2017) ; Raza et al. (2018) is that the nature of the nanoflares was specified as annihilation events (6). The nuggets continuously enter the solar atmosphere and heat the corona in spatially isotropic way (correlated with the dark matter distribution surrounding the Sun) with no interruption and with time-average luminosity given by (5). The main arguments of Zhitnitsky (2017 Zhitnitsky ( , 2018 ; Raza et al. (2018) supporting the identification (6) are: 1. In order to reproduce the measured radiation loss, the observed range of nanoflares needs to be extrapolated from subresolution events with energy 3.7 · 10 20 erg to the observed events interpolating between (3.1 · 10 24 − 1.3 · 10 26 ) erg. This energy window corresponds to the (anti)baryon charge of the nugget 10 23 ≤ |B| ≤ 4·10 28 which largely overlaps with allowed window (2) for AQNs reviewed in section 2. The window (2) comes from a number of different and independent constraints extracted from astrophysical, cosmological, satellite and ground based observations, it is also consistent with known constraints from the axion search experiments. Therefore, the overlap between these two fundamentally different aspects of the AQN framework represents a highly nontrivial consistency check of the proposal (6).
2. The nanoflares are distributed very uniformly in quiet regions, in contrast with micro-flares and flares which are much more energetic and occur exclusively in active areas. This is consistent with our identification (6) as the anti-nugget annihilation events should be present in all areas irrespectively of the activity of the Sun. The flares, triggered by AQNs as reviewed in next section 3.2, are originated in the active zones, and therefore cannot be uniformly distributed.
3. The observed Doppler shifts (corresponding to velocities 250 − 310 km/s) and the observed line width in OV of ±140 km/s far exceed the thermal ion velocity ∼ 11 km/s as discussed in Zhitnitsky (2017) . These observed features can be easily understood within the AQN scenario. Indeed, the typical velocities of the nuggets entering the solar corona is about ∼ 600 km/s. Therefore, it is perfectly consistent with observations of the very large Doppler shifts and related broadenings of the line widths. Furthermore, AQN trigger nanoflare events of time-scale (10 1 − 10 2 ) sec, consistent with estimates Zhitnitsky (2017) .
The initial number of particles in Monte Carlo simulation in ref. Raza et al. (2018) was 10 10 , distributed over very large distances ∼ (10 AU)
R . Only a tiny number (around 3.6 · 10 3 )
bcap/R ∼ 3. The effect becomes much more profound in case of NS considered in section 4 when the velocity of the AQN becomes close to the speed of light.
from this initial set eventually impacted the Sun. It is remarkable that it is precisely what is required to generate the observed EUV luminosity ∼ 10 27 · erg/s. Furthermore, most of the energy of the AQNs is deposited in the transition region at an altitude around 2000 km Raza et al. (2018) . This strongly supports the original assumption Zhitnitsky (2017) that the AQN's energy will be released in the form of EUV and soft X-rays as the temperature of the transition region is T 10 6 K.
AQNs as triggers initiating solar flares
The nanoflares, identified with the AQN annihilation events heat the corona and are the main source of the EUV radiation (5). There are strong arguments which suggest that the EUV radiation is correlated with large M, X -flares as shown in Bertolucci et al. (2017) . Therefore, one should expect that these two phenomena (nanoflares and M,X-flares), characterized by drastically different scales, must originate from the same physics. Zhitnitsky (2018) argued that the antinuggets play the role of the triggers activating the magnetic reconnection of preexisting magnetic configurations in active regions (distributed very non-uniformly). Technically the effect occurs due to the shock waves which form as the typical velocity of the nuggets v ∼ (600 − 800) km/s in the vicinity of the surface, is well above the speed of sound, v/cs 1. The energy of the flares in this case is determined by the preexisted magnetic field configurations occupying very large area in active region, while the relatively small amount of energy associated with initial AQNs plays a minor role in the total energy released during a large flare. We overview this proposal in next subsections by emphasizing the most important fundamental features which apply to the Sun and the NS.
AQNs and shock waves in plasma
We start our overview with estimations of the speed of sound cs in the corona at T 10
where Γ = 5/3 is a specific heat ratio, c is the speed of light, kB the Boltzmann constant and we approximate the mass density ρp of plasma by the proton's number density density n as follows ρp nmp. The crucial observation here is that the Mach number M is always much larger than one for a typical dark matter velocities 2 :
As a result, a strong shock waves will be generated when the AQNs enter the solar corona. In the limit when the thickness of the shock wave can be ignored, the corresponding formulae for the discontinuities of the pressure p, temperature T , and the density ρp are well known and given by, see e.g. Landau & Lifshitz (1959) :
where we assume M 1 and keep the leading terms only in the corresponding formulae.
Magnetic reconnection ignited by the shock waves
The Alfvén velocity vA assumes the following typical numerical values in the corona environment
One can introduce the Alfvén Mach number MA which plays a role similar to the Mach number:
Numerically, MA could be larger or smaller than unity depending on the numerical values of the density n and the magnetic field B.
In what follows we assume that some finite fraction of the nuggets will have MA > 1, similar to our assumption that M 1. In this case one should expect that very fast shock develops which may trigger the large flare.
The idea that the shock waves may drastically increase the rate of magnetic reconnection is not new, and has been discussed previously in the literature Tanuma et al. (2001) , though a quite different context: it was applied to interstellar medium in the presence of a supernova shock. Tanuma et al. (2001) showed that the shock waves may trigger and ignite sufficiently fast reconnections 3 . The new element which was advocated in Zhitnitsky (2018) is that the small shock waves resulting from entering AQNs are widespread and generic events in the solar corona. If the nuggets enter the active regions of strong magnetic field, they may ignite large flares due to magnetic reconnections. This is precisely the correlation which has been observed in Bertolucci et al. (2017) , and which was the main motivation for proposal Zhitnitsky (2018) .
The key elements suggesting that the fast shock wave may drastically modify the rate of magnetic reconnection is based on observation that the pressure, the temperature and the magnetic pressure may experience some dramatic changes when the shock wave approaches the reconnection region. To be more precise, the formulae (9) must be modified in the presence of a magnetic field Landau & Lifshitz (1959) : One should replace pi → p * i , where
to account for the magnetic field pressure.
Geometrical interpretation of the scaling
In this subsection we overview the arguments presented in Zhitnitsky (2018) that the observed scaling dN ∼ E −α dE of the flare's frequency appearance as a function of the energy E can interpreted in geometrical terms within the AQN scenario. The observational data can be described sufficiently well with a single exponent α 2 covering vastly different energy scales covering 12
3 Furthermore, the 2d MHD simulations Tanuma et al. (2001) show that a large number of different phenomena, including SP reconnection Sweet (1958); Parker (1957) , Petschek reconnection Petschek (1964) ; Kulsrud (2001) , tearing instability, formation of the magnetic islands, and many others, may all take place at different phases in the evolution of the system, see also Shibata & Takasao (2016) . It is convenient to represent the same scaling behaviour by integrating formula dN ∼ E −α dE over energy dE (to be more specific, let us say from E to 2E) to represent it in the following form
where we keep the energetic window corresponding to microflares and flares. The coefficient C ∼ 10 4 flares/year is a normalization factor that can be determined from the observations. The dimensional parameter E0 10 26 erg is a part of this normalization's convention. In these notations the N (E) ∼ E −1 represents the number of flare events per year with energy of order E. Can we interpret this scaling within the AQN framework? The answer is yes, and the argument goes as follows.
The probability that a shock wave cone with size ∼ R 2 passes through a much larger sunspot area
The same sunspot area L 2 ⊥ also enters the expression for the volume V flare = (L 2 ⊥ Lz) in active region, which describes the total magnetic energy potentially available for its transferring into the flare heating as a result of magnetic reconnection. Assuming that a typical averaged magnetic field B over the entire regions and the relevant height Lz of the solar atmosphere are external parameters with respect to the magnetic reconnection dynamics, one can infer that the energy of the flare scales as E flare ∼ L 2 ⊥ , while the probability to ignite the magnetic reconnec-
flare , as discussed above. Therefore, the observed relation (12) in our framework has a pure geometrical interpretation, as the frequency N of appearance of a flare with energy of order E flare scales 4 as N ∼ L −2
flare . As these arguments are purely geometrical in nature, and do not depend on specific features of a star, they can be applied to any system, including a NS, when the corresponding explosion-like flare is sparked by AQNs. As will be argued in next section, the corresponding event in a NS will be identified with FRBs. The immediate consequence of this identification is that the frequency of appearance of the FRBs must follow the same scaling dN ∼ E −2 dE discussed above. As we reviewed in Introduction (see (1) this scaling with α 1.7 is consistent with our oversimplified geometrical interpretation, and almost identically coincides with data shown on Fig.1 with α 1.8 representing the solar flare's observations.
AQNS AS THE TRIGGERS FOR THE FAST RADIO BURSTS
We want to present some arguments suggesting that the observed FRB explosions are a result of magnetic reconnections in NS, similar to conventional views that solar flares are due to the magnetic reconnections in active Sun regions. In both cases the energy of the explosions is powered by existing magnetic fields. The idea that FRBs are a result of magnetic reconnection in NS was advocated in Kumar et al. (2017) ; Lu & Kumar (2018) . The new element proposed in the present work is that the FRBs are triggered by the AQN hitting the NS from outer space, similar to their role in the solar flares. The moment when the AQN is initiating and activating the magnetic reconnection is the main subject of the present work. Before we present our arguments supporting the role of AQNs, we highlight in subsection 4.1 the conventional viewpoint on the old Sweet-Parker (SP) theory of the magnetic reconnection, its main results and its main problems, and explore how AQNs can trigger FRBs, using the analogy with solar flares. We continue in subsection 4.2 to argue that a shock wave is likely to develops when the AQN enters the NS. Finally, in subsection 4.3 we argue that the parameters which were postulated in Kumar et al. (2017) ; Lu & Kumar (2018) for FRBs naturally emerge from our framework.
Sweet-Parker's (SP) theory
We start by introducing the most important parameters of the problem:
4πc 2 where S is the so-called the Lundquist number, L is the typical size of the region which will host the reconnection, vA is Alfvén velocity, ρp is the plasma's mass density, χm is the magnetic diffusivity, and finally σ is the electrical conductivity of the plasma. We also note that the definition for Alfvén velocity is given in terms of enthalphy h rather than in conventional way in terms of mass density ρp. This is because vA ∼ c is close to the speed of light in NS environment when the term B 2 is large, and cannot be ignored. Such a definition for vA is a common practise in NS physics, dynamics of the relativistic jets, and other areas when vA ∼ c (see e.g. Rezania et al. (2005)).
The most important parameter for our future estimates is the dimensionless parameter S. For typical coronal conditions, S ∼ (10 12 − 10 14 ). For the NS environment the parameter S could be event larger S ∼ (10 17 − 10 20 ), because χm is many orders of magnitude smaller for NS environment in comparison with the solar environment. These large numerical values for both systems play an important role in our arguments related to the speed of the magnetic reconnection and its relation to the SP theory.
The original ideas on magnetic reconnection was formulated by Sweet (1958) and Parker (1957) . Using simple dimensional arguments, Sweet and Parker (SP) have shown that the reconnection time τrec is quite slow and expressed in terms of the original parameters of the system as follows:
where uin is the velocity of reconnection between oppositely directed fluxes of thickness l, and uout ∼ vA is normally assumed to be of order of the Alfvén velocity. The scaling relations (14) predicted by the SP theory are insufficient to explain the reconnection rates observed in the corona due to the very large numerical values of S ∼ (10 12 − 10 14 ). The next step to speed up the reconnection rate has been undertaken in Petschek (1964) with some important amendments in Kulsrud (2001) where it was argued that the reconnection rate could be much faster than the original formula (14) suggests. However, some subtleties remained in the proposal Petschek (1964) ; Kulsrud (2001) . Furthermore, the numerical simulations reproduce conventional scaling formulae (14) at least for moderately large S 10 4 . In the last 10-15 years a large number of new ideas have been pushed forward. It includes such processes as plasmoid-induced reconnection, fractal reconnection, to name just a few. It is not the goal of the present work to analyze the assumptions, justifications, and the problems related to proposals Sweet (1958); Parker (1957); Petschek (1964) ; Kulsrud (2001) , and we refer to the recent review papers Shibata & Takasao (2016) ; Loureiro & Uzdensky (2016) for recent developments and relevant discussions on these matters. We are only underlying that AQNs acting as triggers (through shock waves) can drastically speed up the reconnection as reviewed in previous section 3.2, and provide a physical context consistent with the ideas of Kumar et al. (2017) ; Lu & Kumar (2018) . Similarly, as shown in Tanuma et al. (2001) , the shock waves may trigger and ignite (in very different circumstances) sufficiently fast reconnections (see footnote 3 for references and details). There are few important parameters which control the dynamics of the system: in addition to S it is convenient to introduce another dimensionless parameter β which determines the importance of the magnetic pressure in comparison with the gas pressure,
where for numerical estimates we use the parameters for NS environment relevant for FRBs, which are required for the observations to be consistent with the idea that FRBs are powered by magnetic reconnections as discussed in Kumar et al. (2017) ; Lu & Kumar (2018) . Specifically, the number density n ∼ 10 18 cm −3 and typical magnetic field B ∼ 10 14 G have been estimated in Kumar et al. (2017) ; Lu & Kumar (2018) by analyzing the observational FRB's properties. The density n corresponds to the electron number density in the region where the magnetic reconnection is expected to occur in the NS atmosphere. The parameter β in (15) is much smaller for the NS environment in comparison with the β ∼ 10 −2 in the solar corona (due to drastically stronger magnetic field in NSs). One should emphasize that parameter β as estimated in (15) represents some average global characteristic of the system. Locally, parameter β may drastically deviate from (15) due to strong variation of the magnetic field in vicinity of the magnetic reconnection area, see some comments at the end of section 4.2.
Another important parameter in our discussions is the speed of sound cs in the region of the NS atmosphere where the reconnection might occur at kBT ∼ 1 MeV and n ∼ 10 18 cm −3 . The electrons at this temperature are relativistic as T ∼ me. However, the protons remain to be non-relativistic, and we assume that the proton's density, on average, is the same order of magnitude as the electron's density n. With this assumption we estimate the speed of sound, similar to (7) as follows:
One should emphasize that the speed of sound in the interior of NSs is different from the expression given by eq. (16). In ultrarelativistic case (which includes the density colour superconductor phase), it can be explicitly computed cs = (1/ √ 3)c. As we shall discuss below the estimate for the speed of sound in NS atmosphere (16) will play an extremely important role in what follows because it shows that it is typically smaller than the velocity of the AQNs entering the NS atmosphere with vAQN c (as discussed in next section 21). In such circumstances a high speed nuggets will generate a shock wave, which is the key element for our arguments.
Mach number and shock waves
First of all we want to demonstrate that the typical velocity of the AQNs captured by a NS will always be close to the speed of light, irrespectively of the initial velocity distribution of the dark matter particles when "measured" far away from the NS. Indeed, the impact parameter for capture and crash of the AQNs by the NS can be estimated as follows,
, where v∞ 10 −3 c is a typical velocity of the nuggets at a large distance from the star. From (17) one can explicitly see that the capture impact parameter ∼ (c/v∞) is many orders of magnitude larger than RNS. This feature should be contrasted with the solar system (4) where bcap is only few times larger than the solar radius R . One can estimate a typical longitudinal velocity v (along the NS's surface) of a nugget from angular momentum conservation as follows, 
In what follows it is more convenient to parametrize the velocity of an AQN when it enters the NS atmosphere in terms of the proper ηµ velocity and 4-momentum pµ defined in the usual way:
where M0 mpB is the AQN's rest mass expressed in terms of the proton mass as reviewed in section 2. The key observation here is that the Mach number M 1 is always large for a typical AQNs entering the NS atmosphere,
is much larger than one. One can also consider the Alfvén Mach number MA defined in conventional way as:
where the Alfvén velocity vA is given by eq.(13). As we discussed in section 4.1 the Alfvén velocity vA ∼ c, similar to the nugget's velocity vAQN ∼ c as they both are close to the speed of light in NS environment. Therefore MA ∼ 1, and it could be smaller or larger than unity, depending on specific details, including the initial direction velocity of the nugget. We assume in what follows (similar to our arguments in section 3.2.2) that a finite portion of the nuggets may have MA > 1, in which case one should expect very strong shock as M 1 in spite of the fact that parameter β is typically, on average, very small in NS environment.
The key element in our arguments is that the region where reconnection may start has a very complicated structure with very large changes of the magnetic field. In fact, the magnetic field must change the direction at the point of reconnection, and therefore it must vanish (locally) at some point. Therefore, the global characteristic (15) does not reflect the local features of the system where β could be many orders of magnitude larger due to the strong (local) fluctuations of the magnetic field in the vicinity of (would be) the reconnection area.
FRB'S relevant parameters from the AQN-framework perspective
In this subsection we shall argue that the key parameters (which have been estimated in Kumar et al. (2017) ; Lu & Kumar (2018) by assuming that FRBs are powered by magnetic reconnections in NSs) are naturally emerging from our framework. The procedure used in Kumar et al. (2017) ; Lu & Kumar (2018) can be treated as the bottom-top scenario when all key parameters are extracted from the observations rather than from a theoretical computation based on the first principles (in which case it would be considered a top-bottom scenario). In our estimates above, we used two important parameters (magnetic field B and electron density n), hinting to specific features of the environment for FRB explosions to occur. In this subsection we consider few additional key elements which were extracted from Kumar et al. (2017) ; Lu & Kumar (2018) by assuming that the FRBs are powered by the antenna mechanism when the observed FRB's radiation in radio wave bands is generated by the so-called curvature radiation.
Before we proceed with the estimates we have to introduce several relevant elements along the line advocated in Kumar et al. (2017) ; Lu & Kumar (2018) . To produce the observed FRB luminosity Liso ∼ 10 43 erg s −1 , electrons must form bunches and radiate coherently. The size of a bunch in the direction of the line of sight must not exceed λ/(2π) 4.8ν −1 9 cm. The radiation formation length is ρ/γ, where ρ is the local curvature radius of the B field line and γ is the Lorentz factor, which are defined in the conventional way. The frequency of the radiation and the single particle curvature power are given by the conventional formulae Jackson (1999) :
When the particle is moving towards the observer, the isotropic equivalent luminosity is given by Kumar et al. 
In estimates (24) and (25) we used the same number density n = 10 18 n18 cm −3 which enters our formula (15) for estimates of the parameter β, and expressed all relations in terms of the observable frequency ν9 defined as ν = ν9 GHz using relations (23). The factor η > 1 in eq. (24) accounts for non-coherence of the particles in the transverse direction when the intensities (rather than the amplitudes) of the radiation from different bunches must be added.
The key dimensional parameter in these estimates is the local curvature radius ρ which should be of order ρ ∼ 10 5 cm ∼ 1 km to reproduce the observed FRB's luminosity (24). This parameter has been extracted from bottom-top analysis in Kumar et al. (2017) ; Lu & Kumar (2018) to match the observed features of the FRB radiation. From the perspective of the AQN framework the parameter ρ should be treated as a typical distance where the nuggets are capable of coherently generating the shock wave on a time scale ∆t, which must be shorter than the observed 1 ms duration of FRBs. Precisely this shock wave initiates the magnetic reconnection on huge distances of order ρ which eventually powers FRBs. Indeed, the relevant time scale ∆t can be estimated as follows:
where v ⊥ is determined by (19) and τFRB 10 −3 s is the FRB duration. After the time ∆t the AQN enters the very dense regions of the NS and ceases to produce any radiation signature visible from outside the NS.
The time scale ∆t in estimate (26) should not be confused with a typical duration of the FRBs. Rather, this time scale (26) plays the same role as the duration of a pre-flare stage in our analysis of the flares in solar corona. The development of the flare itself represents the next stage of the system's evolution. Similarly, the magnetic reconnection in FRBs is capable of developing over distances ∼ L, which can be estimated as follows
where v is determined by (18). This distance L should be interpreted as a typical distance parallel to the NS surface where the magnetic field's configuration is prepared for the reconnection and the AQN can initiate this reconnection by playing the role of a trigger along the trajectory L. This scale plays the same role as L in SP analysis (see section 4.1). The total area A which is potentially the subject of the magnetic reconnection is determined by the propagation of the shock wave front and the speed of sound, and can be estimated as follows: 
10
−4 for RNS 10 km.
The total magnetic energy E This estimate unambiguously shows that the magnetic energy (30) from a small area (29) is more than sufficient to power FRBs with typical luminosity (24), generating a total energy ∼ 10 37 erg over a duration time of order ∼ 10 −3 s. One should comment here that the total energy of a FRB in our framework is proportional to the area A which will be swept by the passing shock wave. Shock waves will always develop due to the large Mach number (21). They can initiate the FRBs when the AQNs hit an active area of strong magnetic field gradient prepared for reconnection. The corresponding probability is suppressed by a small geometrical factor A/L One should expect that the exponent α 2 for the FRB scaling should be very similar to our analysis in section 3.2.3 related to the solar flares, as in both cases the scaling has a pure geometrical origin. The observable data (1) support this prediction of our framework when FRBs are powered by magnetic reconnection triggered by AQNs. Furthermore, the exponent α 1.7 quoted in (1) is consistent with α 1.8 presented on Fig 1, covering enormous range of energies for both solar and star flares. It is very likely that the nature of the deviation from a simplified argument given above (suggesting α 2) in both cases, is related to the same physics, and we shall not elaborate on the possible source for this deviation in the present work. It is expected that the amplitude of the frequency of appearance of the solar flares presented on Fig 1 and FRB's quoted in (1) should be different 5 . However, as we shall see in Section 5, an overall shift along the "y" axis of Fig 1 for energies Eiso ∈ (10 37 , 10 40 ) erg will match the FRB data quite well. Another important parameter, which was estimated in the bottom-up analysis of Kumar et al. (2017) ; Lu & Kumar (2018) , is the required inflow speed of reconnection, βinc, required to maintain the coherent emission of the bunch and match the observed FRB luminosity. The corresponding estimate of βin gives a specific and unique prediction of the FRB duration τFRB in the AQN framework as follows:
where L is determined by eq. (27) and interpreted as a typical distance where the magnetic field's configuration will be reconnected due to the AQN passing through this region and initiating the reconnection along the trajectory L. In the estimate (31) we express γ in terms of the frequency ν and curvature radius ρ according to (24) . The estimate (31) is a highly nontrivial consistency check for our proposal as it includes parameters from the AQN framework as well as parameters extracted in Kumar et al. (2017) ; Lu & Kumar (2018) from a bottom-top analysis of FRBs. One should comment here that the estimate on βin is based on an approximate formula for the induced electric field E parallel to the original static magnetic B field, i.e.
E
B sin θBβin, E · B ∼ B 2 sin θBβin.
The generation of E is a required feature of the magnetic reconnection mechanism. Concurrently, this electromagnetic configuration where E · B does not vanish according to (32) describes the dissipation of the magnetic helicity H of the system as discussed in Appendix A. The exact term with E · B = 0 is responsible for the FRB radiation. The same term describes a slow dissipation pattern of the Magnetic helicity. A numerical suppression of the dissipation term ∼ E · B, as observed in numerical studies reviewed in Appendix A, manifests itself in smallness of the factor βin 1, as stated in (31).
One should mention that the duration τFRB is getting shorter when the typical length scale L is getting smaller. It happens when the impact parameter b is becoming smaller. In the AQN framework, it corresponds to a smaller area A where the reconnection occurs (28), which unambiguously implies a smaller luminosity for FRB (which is directly proportional to the area according to (30)). Therefore, in the AQN framework, a weaker luminosity Liso corresponds to a shorter burst duration τFRB. A similar estimate Zhitnitsky (2018) for a duration of a solar flare would give much longer time scale measured in hours rather than in milliseconds (31) because the Alfvén velocity vA ∼ 10 −3 c is much smaller in the solar corona than in a NS where vA ∼ c. A typical length scale L in the corona is measured in thousand of kilometres rather than 1 km scale, entering the estimate (31). This six orders of magnitude difference is translated to drastic changes in time scales from milliseconds bursts in NS to hours for solar flares. Nevertheless, the physics in both cases is very similar, and the scaling relation (1) with α 1.7 as discussed above supports this conjectured similarity.
Finally, the AQN framework gives a very reasonable ratio for the energy release in solar flares in comparison to FRBs. In both cases the energy release is proportional to the strength of the magnetic field and the area which is swept by the passing nuggets igniting the reconnection. A very simplified estimate can be expressed as follows:
where hSun/hNS ∼ 10 4 km/10km = 10 3 are the thickness for the magnetospheres for the Sun and NS correspondingly. In formula (33) we also included the γ ∼ 30 factor to account for the beaming corrected total energy EFRB ∼ Eisoγ −2 , instead of its isotropic equivalent. The estimate (33) is quite reasonable as a typical solar flare is characterized by an energy ∼ 10 30 erg to be compared with the typical beaming corrected total energy of the FRB ∼ 10 36 erg.
MORPHOLOGY OF FRBS. AQN PREDICTIONS CONFRONTING THE OBSERVATIONS
In this Section, we are confronting our model to the currently known FRB statistics, namely counts and occurrence rate. From the discussions in the preceding sections, the basic assumptions of our model are essentially based on the theory developed by Kumar et al. (2017) ; Lu & Kumar (2018) . The key argument is that the emission must come from a coherent source, which requires a very large magnetic field (larger than 10 14 G) so that the bunch of electrons are confined in a sufficiently high ground state Landau energy, emitting coherently without destructive perturbation, for a sufficiently long time. We have seen in the previous section that the AQN model provides a consistent framework within this hypothesis, which we summarize as follow:
• FRBs originates from active magnetars where the B-field is larger than 10 14 G.
• The FRB emission is caused by magnetic reconnection in the magnetar atmosphere. The source are flares induced following the reconnection, which is triggered by the shock wave of AQNs falling towards the magnetar.
• The sources can be seen at cosmological distances. This is consistent with results on the FRB energy flux count and from the large dispersion measures.
There are currently 29 non repeating FRBs detected and only one repeating, FRB121102. We refer to the catalogue 6 paper for the details Petroff et al. (2016) , and we summarize here the main quantities used in the following:
• The observed fluence F obs = S peak × W obs , where S peak and W obs are the observed peak flux density, in [Jy] , and width, in [ms], of the FRB respectively.
• A redshift of each FRB is estimated, from the excess dispersion measure DMexcess = DMFRB − DM gal , where DMFRB is the measured DM and DM gal is the estimated DM. The redshift is given by z = DMexcess/1200 pc cm −3 , where the denominator is the estimated inter-galactic medium electron density Ioka (2003) . This estimate is an upper bound of the real redshift because it neglects the contribution of the FRB host galaxy to the measured DM.
• The energy of the FRB, EFRB is estimated from the fluence F obs , the observing bandwidth BW and the luminosity distance DL(z):
It is important to point out that, in the case of single radio bursts, the position of the source is unknown (within arcminutes for singledish radio telescopes). As a consequence, the measured fluence should be treated as a lower bound of the true value. Consequently, the counts derived from F obs , and EFRB, should be treated with caution. However, this issue is not affecting the repeating FRB121102 because the source location is known. Another important point to make is that the frequency dependence of the FRBs emission is unknown. In order to preserve the homogeneity of the sample, it is crucial to combine observations that target similar frequencies and integrate flux over a similar bandwidth. In order to construct such a homogeneous sample, we keep only the Parkes observations (central frequency νc = 1.352 GHz and BW = 0.34 GHz) for single bursts and the Arecibo observations (central frequency νc = 1.375 GHz and BW = 0.32 GHz) for FRB121102. However, the rest frame central frequency ν without a correct model for the FRBs emission. We should also note that, if the cosmological origin of FRBs is correct, the geometry of the Universe is not Euclidian at large distance, and we would expect the counts to drop for low energy, when the flux is below the detection limit. In addition, because of the broad redshift distribution, there could also be intrinsic evolutionary effects, e.g. the star formation rate which is a strong function of redshift could modulate the flare visibility as a function of redshift and could affect the formation rate of magnetars, and there could be unknown K-correction effects because the intrinsic frequency dependence of the FRBs is unknown. Despite all these words of caution it is useful to revisit the statistics of FRBs in the context of the AQN model for number counts and occurrence rate.
-Number counts: the intensity distribution and the statistical properties of FRBs was calculated in many papers (e.g. Li et al. (2017) or Katz (2016) for a review). If our proposal is correct, that AQNs are the triggers of flares in magnetar's atmospheres. We expect that the FRB energy distribution should be similar to the one observed for the solar flares shown on Fig. 1 , extrapolated to much higher energy. In order to visualize the low statistics of FRBs, we will calculate the cumulative counts N (> E) instead of the FRB frequency N (E). If we assume a power law model
, which is very similar to the exponent shown on Fig. 1 for very different systems. It definitely supports our proposal that the solar flares, the superflares, and FRBs have a common origin when the exponent α ∼ 2 is the direct consequence of the AQN framework when all these events are triggered and sparked by the same DM nuggets with the same features.
The top panel of Fig. 2 shows the same cumulative fluence N > F obs for the repeating FRB121102. For this plot we use the fluence F obs instead of the energy E, because the source is uniquely identified, hence E and F obs scaling is the same. The power law fit gives a slope α = 1.6.
The bottom panel in Fig. 2 shows the cumulative counts for single bursts FRBs. The line on this panel is not a fit, it is the count slope measured from the top panel and overlaid on the bottom panel where only the amplitude is renormalized. It is remarkable that the slope is in agreement with the fluence distribution of FRB121102, suggesting a common physical origin between FRB121102 and single bursts. It is also remarkable continuity with the solar flare statistics shown on Fig. 1 . Note that, for the single bursts FRBs, we only kept the FRBs at galactic latitude b higher than |b| > 20 deg, in order to minimize the galactic contamination, but the result from the bottom panel of Fig. 2 are not changed even if we include the lower galactic latitude FRBs.
-Flare intensity and duration: Our estimate for the duration of the FRBs given by Eq. (31) is consistent with a typical FRB event. Furthermore, according to section 4, the flare intensity should be proportional to its duration. The FRB opening angle is given by 2/γ, and with γ ∼ 30, this corresponds to a beam size of ∼ 0.066 rad. The typical magnetar rotation period is approximately 1 − 10 sec. It means that the time it takes for the FRB beam to sweep an observer on Earth is between 10 and 100 ms, but these number are upper bounds because they correspond to the optimal situation where the emission is pointing straight to the observer at the maximum intensity. Given that the observed FRB duration is ∼ 1 − 10 ms, which is comparable to the visibility window the emission, it is expected that a fraction of the flaring events will be truncated, so not all the energy will be measured. This will happen when the emission starts before, or end after, the beam becomes visible. It is therefore not possible to check the relationship between flare intensity and duration without a much better statistics and a more sophisticated modeling of the geometrical configuration.
-FRB occurrence rate: In our model, the FRBs correspond to flares in magnetar atmospheres. Within this framework, from simple assumptions, we will calculate an estimate of the order of magnitude of FRB occurrence rate on Earth. The arguments go as follows:
• Number of active magnetars: Only one out of ten supernovae turn into an active magnetar. We have seen in Section 4 that such a high magnetic field is required in order for the electrons bunch to be confined in the lowest Landau state, be accelerated collectively and radiate coherently along magnetic lines; this is the fundamental process which generates the radio burst Kumar et al. (2017) ; Lu & Kumar (2018) . The magnetic energy of the magnetar is dissipated extremely rapidly, on a time scale of order 10 5 years. The neutron star ceases to be an active magnetar when its magnetic field falls below 10 14 G. With a supernovae rate of ∼ 1 per century, there is one new magnetar formed every thousand years in a typical galaxy. It means that there must be at most Nmag 100 active magnetars on average in a galaxy.
• Frequency appearance: The next step in our analysis is the estimation of the observed number of flares the magnetars experience per unit of time. It is currently not possible to predict the intrinsic occurrence of flares because of the unknown physical conditions in the plasma, the effect of turbulence and the configuration of reconnection in the NS magnetosphere. We make the drastic assumption that the intrinsic flare rate in the NS magnetosphere is similar to the flare rate of the Sun. It has long been recognized that NS and Solar flares This should not be taken as a well justified physical hypothesis, but only as a guide motivated by a physically plausible hypothesis. Therefore, we need a prescription as to how to connect solar flare with magnetar flares; Eq. (33) tells us how to convert a magnetar flare energy in a Solar flare energy given the physical parameters at play. Fig. 2 shows that the typical FRB energy is ∼ 10 39 erg, which, corrected from relativistic beaming with γ 30 is ∼ 10 36 erg. Using Eq. (33), this corresponds to a Solar flare energy of ∼ 10 30 erg. According to Hannah et al. (2008) , there is, on average, 10 − 20 solar flares per year above energy E > 10 30 erg; 10 30 erg approximately identifies the formal separation between micro-flares and normal/super flares. This corresponds to an average value of N (E > 10 30 erg) 0.04 flare per day for the Sun, which, in our model, would be triggered by AQNs. In our framework, FRBs are caused by magnetic reconnection triggered by infalling AQNs. In order to apply the solar flare rate to the NS, we have to take into account the fact that there is far less AQN hitting a NS per unit of time than for the Sun, because the impact parameter for the former is smaller. The ratio of the number of AQNs hitting the Sun over the number of AQNs hitting the magnetar per second is determined by the ratio of impact capture parameters square, which is given by the square of Eq (17), i.e. (bcap NS/bcap ) 2 . Putting the last two estimates together, we can write the daily rate fNS of giant flare on a magnetar in a given galaxy as follows:
• Daily occurrence of FRBs: The next step in our estimates is to compute the FRB rate for the entire Universe. To accomplish this task we have to multiply fNS by the number of observable galaxies N gal 10 11 . The last step is to multiply by the probability the flare will be detected on Earth. We have seen before that, in our framework, the emission is strongly beamed and the γ-factor is of the order ∼ 30, corresponding to beam width of δθ ∼ 2/γ. The chance that the beam points towards us is given by ∆Ω 4π
The predicted daily occurrence nFRB of FRBs can then be estimated as
which is consistent with observational constraints Connor et al.
.
We consider this estimate as a very nontrivial consistency check of our proposal as our estimate is based on drastically different building principles in comparison with conventional approaches. Usually, the occurrence rate is quoted for a given fluence limit and frequency band. Our approach of counting is different: we use the Sun/magnetar scaling ratio (33) to calculate the rate for a given flare energy. After that we make the energy shift to accommodate the differences in energies for the Sun and for NS. We used the observed typical FRB energy of 10 39 erg to perform this shift. We should note that the estimate (37) is probably an upper bound because we have assumed that all galaxies are potentially visible, which is ignoring signal detection limits that will inevitably bring this number down. The dependence of rate on frequency band is much harder to determine without a proper model of the reconnection physics.
CONCLUSION AND FINAL REMARKS
We propose a scenario which provides a coherent emission mechanism for FRBs. It is based on the antenna curvature mechanism, developed form a bottom-up approach by Kumar et al. (2017) ; Lu & Kumar (2018) , in the context of the Axion Quark Nugget model. In this scenario, FRBs are at cosmological distance and are emitted when an AQN from the surrounding dark matter environment falls into the atmosphere of a magnetar, triggering magnetic reconnection and initiating a giant flare. We demonstrate that the energetics of the process is phenomenologically consistent with the antenna curvature emission; it provides an explanation for both the duration and the observed energy distribution. We predict a steep slope for the energy distribution, consistent with Law et al. (2017) and with the CHIME pathfinder measurements (Amiri et al. 2017) . Magnetars are the central objects in our scenario because very strong magnetic fields are required (B > 10 14 G) in order to maintain the emission mechanism coherent by confining electrons along B lines in the quantizing magnetic field.
Our scenario follows a proposal that AQNs can trigger and initiate flares in the Sun Zhitnitsky (2018) . The AQN dark matter model was invented as an explanation of the observed ratio Ω dark ∼ Ω visible , and has no free fundamental parameter other than the Axion mass. Raza et al. (2018) showed that the AQNs moving through the coronal plasma (and annihilating) could both explain the EUV excess and the drastic changes of the temperature in the Transition Region, observed to be independent of the heliocentric location on the Sun. Remarkably, Raza et al. (2018) predict the correct missing energy input for the solar corona, and an energy injection altitude in agreement with the temperature and mass density profile of the solar atmosphere. Zhitnitsky (2017) showed that AQNs can also trigger larger solar flares. This mechanism is consistent with the observed scaling of the flare distribution dN (E) as a function of the flare's energy E.
It is not yet possible to discriminate between the different FRB models because of the limited FRB statistics. This situation will improve quickly thanks to FRB search projects, such as CHIME. Among the tests that could discriminate our AQN scenario from others, we would like to mention the following:
• The spectral signature will be a strong discriminator. So far, there is no known X-ray or high energy counterpart to FRBs. With the AQN model, it is in principle possible to predict a precise wavelength signature using MHD simulations, it is a major topic left for future studies. It is interesting to note that the antenna curvature mechanism in magnetar environment predicts a strong suppression of emission from scales smaller than the two-stream current instabilities (Lu & Kumar 2018) . This corresponds to a cut off frequency in the mm/infrared wavelengths. The observation of direct counterparts at smaller frequencies would invalidate the antenna mechanism and therefore the AQN model as a source of FRBs.
• Our model unambiguously predicts a correlation between the total energy flare and its duration. As discussed in Section 5, there are geometrical complications which have to be modeled in order to this prediction as a test, but this is a prediction unique to the AQN model.
• The repetitiveness of FRBs can serve as a robust test of the AQN scenario. So far, there is only one known repeating RFB, FRB121102. But it is generally accepted that a reason why other FRBs have not been seen repeating yet, might be because they were not observed long enough, given the sensitivity of single dish radiotelescopes, and that only the Arecibo dish, used for most of the FRB121102 observations, has the sensitivity to see the repeating bursts. Our AQN model does not make any distinction between single and repeating FRBs. Flare bursts should appear at random, when an infalling AQN hits a region with magnetic field prepared for reconnection. Our scenario therefore predicts that all FRBs should be repeating, and only external conditions (e.g. dark matter density, magnetic environment) and the flare energy (low or high) are the main drivers of an FRB repetitiveness. In our model, the occurrence rate is given by Eq. (37), but this number depends on many unknown factors, as discussed in Section 5. In particular, it should be noted that the highest energy of the FRB121102 bursts is ∼ 10 38 erg, which is the lowest energy of single bursts. If we assume that the repeating bursts of FRB121102 follow the same scaling ∼ E −1.6 , lower energy flares should be much more frequent, and the rate Eq. (37) should be significantly higher. In the AQN model, single and repeating bursts have the same physical origin and their occurrence rate should match the same power low for both, as suggested in Fig 2. Better FRB statistics will soon test this hypothesis.
• We want to make few comments on polarization properties, which carries valuable information on the physical process at play. For instance, the recent measurement of high rotation measure in a single burst FRB (?) provides an independent indication that FRBs are at cosmological distance. Within our AQN scenario, the energy source comes from magnetic reconnection fed by the helical magnetic field as discussed after eq. (32) and in Appendix A. The dissipation rate of the magnetic helicity dH/dt defined by eq. (A2) determines the duration τFRB of the FRB as given by eq. (31). It unambiguously implies that the FRB emission must be linearly polarized with polarization directed (locally) along the external static magnetic field B where FRB is originated. What then happens to the polarization is a difficult question to answer, because of the many cosmological uncertainties along the propagation path of the FRB emission before it reaches the Earth. The question deserves future studies and analysis before it can be used to test the AQN scenario.
Finally, it is interesting to note that there are several similarities between Soft Gamma Repeaters (SGR) and FRBs regarding energetics and time scales (not for occurrence rate which is ∼ 10
In simplest case when the magnetic configuration can be represented in form of two interlinked (but not overlapping) tubes with fluxes Φ1 and Φ2, the magnetic helicity H counts its linking number, i.e. H = 2Φ1Φ2 is proportional to an integer linking number if fluxes Φ1 and Φ2 are quantized. This is precisely the reason why the magnetic helicity is the topological invariant and cannot be easily changed during its evolution. In fact, the crucial property of the magnetic helicity H is that it is exactly conserved during the time evolution in ideal MHD Choudhuri (1998) . It is also known that the magnetic helicity H is odd under the P symmetry corresponding to : x → − x transformations. Furthermore, it is known that in most astrophysical systems, including the NS, the magnetic helicity H is very large. This implies that the magnetic helicity can be only induced if there are P violating processes producing a large coherent effect on macroscopic scales. We do not address in the present work the question on how the magnetic helicity was generated in the first place in NS referring to the recent proposal Charbonneau & Zhitnitsky (2010) for review and references. Instead, our goal here is to study how the magnetic helicity H evolves and dissipates as a result of the magnetic reconnection.
The . In what follows we also need the expression for the temporal variation of magnetic helicity as it is directly related to the dissipation rate. Differentiating of eq. (A1) one arrives to
see e.g. Pariat et al. (2015) , Yang et al. (2017) with explicit derivations. The key point for our discussions is that the volume integral precisely describes the dissipation of the magnetic helicity H and it identically vanishes in ideal MHD where E = − v × B. The second, surface term is irrelevant for our studies as it describes the transformation of the magnetic helicity from one form to another and is expressed in terms of the boundary terms. The expression for JH can be interpreted as the magnetic helicity current.
The key observation for our studies is the fact that the dissipation term in (A2) is proportional to ∼ E · B which is precisely the E&M configuration reconstructed from the requirement to match the FRB radiation during the burst due to the magnetic reconnection as formula (32) states. As explained in the text the induced electric field parallel to the original static magnetic field is absolutely required feature for the successful magnetic reconnection.
The only additional comment we would like to make here is that only a small amount 7 of the total helicity dissipates during the reconnection. It is in line with arguments of refs. Kumar et al. (2017) ; Lu & Kumar (2018) and with our estimates in Section 4.3 that parameter βin must be numerically small. In fact, one can argue that smallness of the parameters βin entering (31) and (32) reflects the main feature observed in numerical analysis of refs Pariat et al. (2015) , Yang et al. (2017) that the dissipation is numerically suppressed and represents a few % effect.
